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The Arabidopsis ortholog of the 30 kDa subunit of the cleavage and polyadenylation factor
(AtCPSF30) is an RNA binding endonuclease, and the endonuclease activity is inhibited by reducing
agents. Here, we report the presence of a disulﬁde linkage in the endonuclease motif based on com-
parative mass spectrometry (MS) analysis of reduced and non-reduced but carbamidomethylated
protein. This analysis reveals that this disulﬁde bond involves a CCCH zinc ﬁnger motif, one that
is associated with the endonuclease activity of AtCPSF30. This ﬁnding raises the possibility that
redox regulation of AtCPSF30 may occur through oxidation and reduction of the disulﬁde linkage.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The 30 kDa subunit of the cleavage and polyadenylation factor
(CPSF30) is a key subunit of the eukaryotic polyadenylation com-
plex [1,2]. Orthologs of this subunit contain an array of CCCH-type
zinc ﬁnger motifs (Cys-X8-Cys-X5-Cys-X3-His), although the num-
ber of such motifs vary in the plant and animal proteins [3]. Plant
orthologs of CPSF30 are novel in various aspects including the
number of CCCH motifs (three instead of ﬁve) [3]. The Arabidopsis
ortholog of CPSF30 (AtCPSF30) possesses RNA binding and endonu-
clease activities. RNA binding is mediated by the ﬁrst CCCH motif
while the endonuclease activity is mediated by the third motif
[4]. A mutant deﬁcient in AtCPSF30 exhibits elevated tolerance to
oxidative stress. This response is thought to be mediated through
regulation of the expression of a subset of genes that encode pro-
teins containing thioredoxin- or glutaredoxin-related domains
and those containing protein disulﬁde isomerase-like features
[5]. The endonuclease activity is resistant to elevated temperature
but susceptible to sulfhydryl agents [6]. This property is interesting
and seems to be analogous to redox-regulator proteins that coordi-
nate zinc ions [7]. Such proteins form intramolecular disulﬁde
bonds upon exposure to oxidative stress, thereby changing the
structure and functional properties of the protein.
The sensitivity of AtCPSF30 to sulfhydryl reagents, and the
interesting precedents set by other redox-sensitive regulatory pro-chemical Societies. Published by E
hemistry, 404 Crosley Tower,
OH 45221, United States.
alli).teins, raise the possibility that AtCPSF30 may be subject to redox
control via oxidation and reduction of one or more disulﬁde link-
ages. In this report, we describe the utilization of MALDI-TOFMS
(matrix-assisted laser desorption/ionization time-of-ﬂight mass
spectrometry) and LC–MS/MS (liquid chromatography tandem
mass spectrometry) to document the presence of a disulﬁde link-
age in the third CCCH motif of AtCPSF30, the motif that catalyzes
the endonuclease activity of AtCPSF30.
2. Materials and methods
2.1. Materials
Buffer chemicals, DL-dithiothreitol (DTT), iodoacetamide, triﬂu-
oroacetic acid (TFA), a-cyano-4-hydroxycinnamic acid (CHCA), 3,5-
dimethoxy-4-hydroxy cinnamic acid (sinapinic acid, SA), and the
ProteoMass peptide and protein MALDI-MS calibration kit were
obtained from Sigma (St. Louis, MO, USA). Protease Max surfac-
tant™ and Trypsin were obtained from Promega (Madison, WI,
USA); C-18 ZipTips were from Millipore (Billerica, MA, USA).
2.2. Methods
2.2.1. Protein puriﬁcation
MBP has no cysteines (Fig. 1) and contributes no interfering ions
in the mass spectroscopy studies (data not shown). For this reason,
and to facilitate protein puriﬁcation, MBP-AtCPSF30 fusion pro-
teins were analyzed without cleaving the MBP tag. The cloning of
various AtCPSF30 derivatives studied in the present report as welllsevier B.V. All rights reserved.
Fig. 1. Amino acid sequence and schematic representation of the MBP-AtCPSF30 fusion proteins. (A) Amino acid sequence of MBP (lower case) and AtCPSF30 (upper case),
zinc ﬁnger motifs (underlined), the third CCCH motif (bold, underlined), and the point mutations (italics on top of the respective amino acids) in ZF3mutant are represented.
(B) Illustration of structures of MBP-fusion proteins; MBP (solid black rectangle) tag, wild type AtCPSF30 (white rectangle), three zinc ﬁngers (black bars), and the mutated
third zinc ﬁnger (gray bar) are shown.
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sion protein puriﬁcation have been described elsewhere [4,6].
2.2.2. Sample preparation for mass spectrometry
Afﬁnity puriﬁed MBP and MBP fusion proteins were precipi-
tated with acetone and resuspended in digestion buffer (15 ll;
0.1 M Tris–HCl pH 7.5, 10 mM CaCl2, 8 M urea) and 20 ll of 0.2%
Protease Max Surfactant for 5 lg of protein, then treated withFig. 2. Positive ion, reﬂectron mode MALDI-TOF mass spectra of the tryptic peptides of th
treated (bottom) samples and differential behavior of the tryptic peptide LGFCPNGP
carbamidomethylated cysteine indicated by * are shown.DTT (22 mM) at 70 C for 20 min. Another set of samples was pro-
cessed without the addition of DTT. The protein was cooled and
carbamidomethylated with iodoacetamide (55 mM) for 30 min in
dark at room temperature. The sample was diluted with water to
obtain <1 M urea and digested overnight with 0.5 lg of trypsin at
37 C. The tryptic peptides were puriﬁed by C-18 ZipTips and ana-
lyzed by MALDI-TOFMS [8,9] or LC–FTMS/MS as described in the
Supplementary data.ird CCCH-motif of MBP-AtCPSF30 fusion protein. The spectra of no-DTT (top), DTT-
DCR (AA# 518-528) corresponding to m/z 1176.1 and 1292.0, respectively, and
4410 B. Addepalli et al. / FEBS Letters 584 (2010) 4408–44123. Results
The impetus for the current studies was the ﬁnding that the
endonuclease activity of AtCPSF30 can be inhibited by reducing
agents such as DTT [6]. The endonuclease activity of this protein
requires the third of three CCCH zinc ﬁnger motifs, and the previ-
ous ﬁnding raises the possibility that this motif may be engaged in
a disulﬁde linkage that, in its oxidized state, is needed for activity.
To test this possibility, the tryptic peptide pattern of DTT-treated
MBP-AtCPSF30 fusion protein was compared to the pattern from
the DTT-omitted sample. Both samples were subjected to carbami-
domethylation with iodoacetamide before digesting with trypsin.
The tryptic digests were analyzed by MALDI-TOF MS and LC–MS/
MS. Iodoacetamide treatment results in the addition of an alkyl
group (+57 Da) to any free thiol groups from reduced cysteines.
Cysteines are not carbamidomethylated if they are associated with
a disulﬁde linkage. To identify disulﬁde linkages, DTT-treatment
can be used to cleave the disulﬁde bond, with the resulting cyste-
ines amenable to carbamidomethylation (+58 Da). A comparison of
two data sets (i.e., with and without DTT-treatment) would show
whether or not any given cysteine is engaged in a disulﬁde linkage.
The ﬁrst experimental studies on MBP-AtCPSF30 with and with-
out DTT treatment were done using MALDI-TOFMS. When unre-
duced but carbamidomethylated MBP-AtCPSF30 protein was
digested with trypsin and then analyzed by MALDI-TOFMS, anFig. 3. MALDI-MS of MBP-AtCPSF30 ZF3 mutant. The spectra of no-DTT (top) and
DTT-treated (bottom) samples and unaltered behavior of the peptide
LGFCPNGPDSTYR (AA# 518–530) corresponding to m/z 1483.42/1483.55, and
carbamidomethylated cysteine indicated by * are shown.ion at m/z (mass/charge) 1176.1 was detected (Fig. 2 and Supple-
mentary Fig. 1). Importantly, no ion at m/z 1178 was found from
this sample. Theoretical digestion of the MBP-AtCPSF30 wild type
fusion protein (assuming no carbamidomethylation and no disul-
ﬁde linkages) yields, among other products, the peptide
LGFCPNGPDCR with a predicted m/z at 1178.5; this peptide is de-
rived from the third CCCH zinc ﬁnger motif. If there is a disulﬁde
bond between the two cysteines in LGFCPNGPDCR, the predicted
m/z value would shift to 1176.5 due to the loss of two hydrogen
atoms. The experimental results thus support the hypothesis that
the tryptic peptide LGFCPNGPDCR contains a disulﬁde linkage.
Consistent with this possibility, when the protein was treated with
DTT and iodoacetamide prior to digestion with trypsin, the ion at
m/z 1176.1 was no longer detected, and a new ion at m/z 1292.0
was detected (Fig. 2 and Supplementary Fig. 1). The mass of the
tryptic peptide LGFCPNGPDCR should increase by 58 Da for each
cysteine residue if those cysteines were available for carbami-
domethylation, yielding m/z of 1292.5. Thus, the results obtained
with DTT-treated MBP-AtCPSF30 are consistent with those ex-
pected, if the ion at m/z 1292.0 was derived from the
LGFCPNGPDCR peptide whose two cysteine residues were avail-
able for carbamidomethylation. Taken together, these results indi-
cate that the two cysteines in the LGFCPNGPDCR peptide are not
available for carbamidomethylation unless they are reduced by
treatment with DTT, and that these two cysteines are engaged in
a disulﬁde linkage.
To conﬁrm this, a mutant protein (ZF3) in which the last ﬁve
amino acids of the third CCCH motif – PDCRYRHAK – replaced with
PDSTYRYAK [4] was analyzed (Fig. 3). In this protein, one of theTable 1
LC-FTMS/MS analysis of tryptic peptides of MBP-AtCPSF30.
Sequence Monoisotopic
mass
Experimental m/z (z)
DTT No DTT
CCCH motif 1
(453) SFRQTVC*R (460) 1052.52 527.27(+2) N.D.
(451) GRSFRQTVC*RHWLR (464) 1857.96 N.D. 620.32(+3)
(465) GLC*MK (469) 607.28 304.65(+2) N.D.
(465) GLC*M#KGDACGFLHQFDK
(481)
1941.85 N.D. 648.29(+3)
(470) GDAC*GFLHQFDK (481) 1393.61 N.D. 697.81(+2)
(470) GDAC*GFLHQFDKAR (483) 1620.75 541.26(+3) N.D.
CCCH motif 2
(484) MPIC*R (488) 675.32 338.67(+2) 338.67(+2)
(492) LYGEC*R (497) 796.35 399.18(+2) 399.18(+2)
(498) EQDC*VYK (504) 940.39 471.21(+2) N.D.
(498)
EQDC*VYKHTNEDIKEC*NMYK
(517)
2603.10 N.D. 868.71(+3)
CCCH motif 3
(505) HTNEDIKEC*NM#YK (517) 1696.72 849.37(+2) 849.37(+2)
(518) LGFC*PNGPDC*R (528) 1291.54 646.78(+2) N.D.
(518) LGFCPNGPDCR
(528)_disulﬁde bond
1175.48 N.D. 588.75(+2)
Other peptides
(531) HAKLPGPPPPVEEVLQK
(547)
1835.03 612.68(+3) 612.68(+3)
(548) IQQLTTYNYGTNR (560) 1570.77 786.39(+2) 786.40(+2)
(561) LYQAR (565) 649.35 325.68(+2) 325.68(+2)
(621) TSHPLPQGVNR (631) 1204.63 402.55(+3) 402.55(+3)
The observed tryptic peptides are shown by their sequence along with theoretical
monoisotopic mass and experimentally observed m/z values under DTT and No DTT
treatments. The predicted sequences are deduced from the observed fragmentation
pattern (see Supplementary Figs. 2–7) of peptides whose experimental m/z values
are comparable to the theoretical values.
Carbamidomethylated cysteines are indicated by C*, oxidized methionine are
shown as M# while N.D. refers to ‘‘not detected” for a given peptide sequence and
treatment condition.
Fig. 4. LC-FTMS/MS analysis of tryptic peptide LGFCPNGPDCR (AA# 518–528) under reduced and non-reduced conditions. (i) DTT-treated sample. (A) The total ion current
(TIC, top) of the chromatogram, Selected ion current (SIC, bottom) form/z 646.78 corresponding to carbamidomethylated LGFC*PNGPDC*R (* denotes carbamidomethylation),
(B) mass spectrum of the peptide ion eluting at 11.1 min, and (C) MS/MS spectrum of the precursor ionm/z 646.78. The fragment ions speciﬁc to peptide bond breakage, i.e. bn
(n = 3–10) (sharing common N-terminal end) or yn (n = 2–10) (sharing common C-terminal end) depending on charge location are represented. (ii) No-DTT sample. (A) TIC
(top) of chromatogram, SIC (bottom) for m/z 588.75 corresponding to uncarbamidomethylated LGFCPNGPDCR with a disulﬁde bond, (B) mass spectrum of the peptide ion
eluting at 12.42 min, and (C) MS/MS spectrum of the precursor ion m/z 588.75. The b and y-type ions observed outside the disulﬁde bond are shown.
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linkage has been changed to a serine; thus, the suspected disulﬁde
linkage should be absent in the mutant protein, and the m/z 1176
ion should be absent from the mass spectra. Additionally, an ion
with a predicted m/z of 1483.7 that corresponds to the carbami-
domethylated mutant peptide LGFCPNGPDSTYR (expected is the
cysteine in the peptide is now available for reaction with iodoacet-
amide) should be present in spectra. The DTT-omitted ZF3 sample
did not yield an ion at m/z 1176, but did show a new ion at m/z
1483.42 (Fig. 3). The MALDI-TOFMS data of the DTT-treated sample
yielded similar results (Fig. 3). These results strongly support the
conclusion that cys521 and cys527 in MBP-AtCPSF30 are engaged
in a disulﬁde bond.
Of the remaining eight cysteine-containing tryptic peptides,
ions with m/z values corresponding to seven of these peptideswere detected in MALDI-TOF spectra of both DTT-treated and un-
treated samples. However, ion abundances for these seven pep-
tides were highly variable from run to run, thus making it
difﬁcult to account for the presence of all peptides in a single MAL-
DI-TOF mass spectrum. Therefore, LC–FTMS/MS was used further
to characterize peptides. The observed peptides of both DTT-trea-
ted and DTT-omitted samples, based on CID (collision induced dis-
sociation) induced fragmentation pattern (Supplementary Figs. 2–
7) in tandem mass spectral analysis, are shown in Table 1. Overall,
this analysis yielded 48% sequence coverage of AtCPSF30 includ-
ing nine of the ten cysteine residues; the absent cysteine residue is
in the very C-terminus of the protein and is not required for nucle-
ase activity [4]. The N-terminal portion of AtCPSF30 is not repre-
sented in this data, most likely because of a large tryptic peptide
(57 amino acids).
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was accounted for in the tandemmass spectrometry analysis under
both treatments (Table 1). DTT-treatment resulted in carbamidome-
thylation of all cysteines of the three CCCH-motifs (Supplementary
Figs. 2–4). Similar studies of the DTT-omitted sample revealed carb-
amidomethylation of all cysteines of the ﬁrst twoCCCHand cys513 of
third motif (Supplementary Figs. 5–7). In contrast, signiﬁcantly dif-
ferent results were found for the last two cysteines of the third
CCCH-motif (Fig. 4). This peptide LGFCPNGPDCR was not found to
be carbamidomethylated when DTT was omitted, and the tandem
mass spectrum conﬁrmed the presence of a disulﬁde bond within
this peptide. Taken together, the MALDI-TOF and LC–FTMS/MS are
consistent with the interpretation that the ﬁrst two CCCH-motifs
do not contain disulﬁde linkages, while the third CCCH-motif does
contain a disulﬁde bond.
4. Discussion
AtCPSF30 possesses three predicted CCCH-type zinc ﬁnger mo-
tifs [3]. While the ﬁrst CCCH motif is responsible for the bulk of
RNA binding activity of AtCPSF30, the third motif is associated with
endonuclease activity [4]. The nuclease activity is inhibited by DTT
but is surprisingly resistant to elevated temperatures [6]. The stud-
ies outlined in this report provide a structural basis for such effects.
The presence of a disulﬁde bond probably stabilizes secondary
structure thus leading to remarkable resistance of the protein to
heat denaturation [10]. Consistent with this possibility, DTT-omit-
ted samples yielded longer tryptic peptides containing one or more
missed cleavages, indicating lower accessibility of trypsin to cleav-
age sites in the secondary structure. Likewise, cleavage of the disul-
ﬁde bond by DTT increases the accessibility of trypsin cleavage
sites within the protein thus producing shorter tryptic peptides
(i.e., no missed cleavages). Thus, DTT-mediated inhibition [6] could
be attributed to the loss of the required secondary structure for
endonuclease activity.
Many redox-regulated proteins have highly reactive cysteine
residues that may reversibly modiﬁed upon exposure to oxidative
stress. Such reactive cysteine residues mediate cellular responses
by transducing a change in protein structure and function [11].
The Escherichia coli chaperone Hsp33 is one such redox-regulated
protein [12,13] and the redox sensitive center is maintained by
highly conserved cysteine residues that bind to Zn ion with high
afﬁnity [14]. Upon exposure to oxidants like H2O2 or HO, zinc is
rapidly released with formation of disulﬁde bonds between the
cysteines that coordinate Zn ion [15]. Similarly, RSRA (Regulator
of Sigma R activity), a zinc-containing anti-sigma factor with
repressor property, undergoes stress-induced disulﬁde bond for-
mation and concomitant dissociation of RSRA from the sigma fac-
tor complex, thereby allowing the induction of target genes
[16,17]. There are intriguing similarities between Hsp33, RSRA,
and AtCPSF30 with regard to disulﬁde bond formation in the zinc
coordinating motif and the corresponding biochemical activities.
These correspondences coupled with the altered oxidative stressresponse of AtCPSF30 deﬁcient plants [5] support the model that
AtCPSF30 might be a redox regulator, one that is controlled
through reversible disulﬁde bond formation.
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